Piezoelectric polymers, capable of converting mechanical vibrations into electrical energy, are attractive for use in vibrational energy harvesting due to their flexibility, robustness, ease and low cost of fabrication. In particular, piezoelectric polymers nanostructures have been found to exhibit higher crystallinity, higher piezoelectric coefficients and 'self-poling', as compared to films or bulk. The research in this area has been mainly dominated by polyvinylidene fluoride (PVDF) and its co-polymers, which while promising, have a limited temperature range of operation due to their low Curie and/or melting temperatures. Here, we report the fabrication and properties of vertically aligned, and 'self-poled' piezoelectric Nylon-11 nanowires with a melting temperature of ~200 °C, grown by a facile and scalable capillary wetting technique. We show that a simple nanogenerator comprising as-grown Nylon-11 nanowires, embedded in an anodized alumina (AAO) template, can produce an open-circuit voltage of 1 V and short-circuit current of 100 nA, when subjected to small-amplitude, low-frequency vibrations. Importantly, the resulting nanogenerator is shown to exhibit excellent fatigue performance and high temperature stability. Our work thus offers the possibility of exploiting a previously unexplored low-cost piezoelectric polymer for nanowire-based energy harvesting, particularly at temperatures well above room-temperature.
Introduction
Nanogenerators (NGs) based on piezoelectric materials have attracted increasing interest in light of the growing demand for wireless, portable, embedded, implantable and/or wearable self-powered devices, and the ubiquitous availability of ambient vibrational energy sources as a potential power solution. [1] [2] [3] [4] Piezoelectric polymers, in particular, have been widely studied and exploited in NG design, [2, [5] [6] [7] [8] as in spite of exhibiting weaker piezoelectric properties than commonly used ceramics, such as barium titanate, [9] lead zirconium titanate, [10] and zinc oxide, [11] [12] [13] they possess a range of advantages over ceramics that render them mechanically stable, chemically robust and possibly biocompatible. Importantly, nanostructures and nanowires of ferroelectric (and hence piezoelectric) polymers, such as polyvinylidene (PVDF) and polyvinylidene fluoride trifluoroethylene (P(VDF-TrFE)), have been found to exhibit superior piezoelectric performance, [7, [14] [15] [16] [17] [18] [19] [20] [21] [22] by virtue of their nanoscale confinement. There have been several reports on polymer-based NGs, including nanopressure sensor, acoustic NG and mechanical energy harvester, [23] [24] [25] [26] [27] but the typically low Curie and/or melting temperatures of these polymers limit their use in applications at higher temperatures, for example in early-fault detection systems for heavy machinery that may require a wider operating temperature range. There is thus a growing need to explore alternative piezoelectric polymers with enhanced thermal stability, and in particular to develop low-cost scalable processes to fabricate nanowires based on these materials, which can offer reliable energy harvesting performance at higher temperatures.
In this regard, odd-numbered Nylons with relatively high melting temperatures, are known to possess ferroelectric and piezoelectric characteristics by virtue of the high degree of hydrogen bonding and dipole orientation resulting from the arrangement of polyamide molecules within adjacent chains upon crystallization. [28] While, non-ferroelectric even-numbered Nylons (Nylon-6,6 and Nylon-6) weaved as fabrics have already been successfully used in textile industry, [29] and have found suitable applications as integrated sensors and as components of energy devices, [30] ferroelectric odd-numbered Nylons [31] have received considerably less attention. Among odd-numbered Nylons, Nylon-11 (polyamide-11 = [C11H21ON]n) exhibits piezoelectric and ferroelectric properties that are comparable to PVDF at room temperature. [32] [33] [34] [35] Typically, Nylon-11 exhibits five crystalline modifications, including triclinic α and pseudo-hexagonal γ phases, which have different dipole densities and orientation. [36, 37] The high piezoelectricity in Nylon-11 is attributed to its polar crystal structure (γ form), although other configurations may also lead to piezoelectric behavior (see Supporting Information S1). A piezoelectric charge constant d31 between 3-12 pC N -1 has been reported for a variety of melt drawn, strained, solution-cast and poled Nylon-11 films, [36, [38] [39] [40] [41] [42] with a d31 of up to ~15 pC N -1 reported at relatively higher temperature (up to 200 o C). [43] Nylon-11 has previously been prepared as nanofibers and nanoribbons via electrospinning which requires high voltages, [32, 33] but their performance as energy harvesters has never been studied. Furthermore, scalable solution-based synthesis methods for Nylon-11 nanowires have not been attempted, and the understanding of their piezoelectric properties in relation to the crystal structure in nanowires is yet to be reported.
Here we describe a facile and scalable synthesis technique for Nylon-11 nanowire arrays of uniform size and high aspect ratio of ~ 200 by a solution-processed capillary template infiltration method within AAO templates. Unlike our previous work on P(VDF-TrFE) nanowires grown within a similar nanoporous template via gravity infiltration, [7] herein, ultralong Nylon-11 nanowires were prepared by capillary wetting, which was necesary in order to prevent fast drying of the infiltrated Nylon-11 solution and which reproducibly yielded large density of highly crystalline nanowires of narrow size distribution, with a significant presence of the piezoelectric γ phase imparted by the pore confinement of the templates. In order to carry out further characterization, the nanowires could be subsequently transferred to any substrate in the form of nanowire mats that resulted upon preferential dissolution of the AAO template in phosphoric acid. More importantly, the Nylon-11 nanowires were 'self-poled', [2, 7, 8, 15, 44, 45] and were incorporated as-grown into template-based NGs for energy harvesting with a wide temperature range of operation and excellent fatigue performance, without the requirement of poling via large external electric fields that are otherwise typically required for piezoelectric performance. Enhanced piezoelectric properties of Nylon-11 nanowires make this material a potentially low-cost candidate for smart fabrics in the wearable technology industry, as has been demonstrated recently with piezoelectric PVDF fibers, [46, 47] with the added advantage of having a wider temperature range of operation.
Results and Discussion

Growth Mechanism of Nylon-11 Nanowires
A schematic of the Nylon-11 nanowire-array growth process via capillary wetting of the pores of an AAO template is shown in Figure 1 . A three-step process was adopted to control the growth of Nylon-11 nanowires inside the AAO template which comprised: (i) preparation of the Nylon-11 solution in formic acid by dissolving the required concentration (10 wt. % optimum) of Nylon-11 pellets; (ii) promoting the growth of Nylon-11 nanowires via capillary action by placing the AAO templates on a Nylon-11 solution pool; and (iii)
cleaning the resulting loosely adhered Nylon-11 nanoparticles from the surfaces of the templates following the capillary wetting process and subsequent evaporation of the formic acid solvent. In order to study the density, morphology and the phase of the prepared Nylon-11 nanowires, the AAO template was dissolved in phosphoric acid and a mat of nanowires could be obtained and transferred to any desired substrate. The Nylon-11 polymer concentration (wt. %) in solution was varied at the start of the growth process, and scanning electron microscopy (SEM) imaging was carried out on the resulting nanowires to get an understanding of the growth mechanism.
The advantage of capillary wetting process in the preparation of Nylon-11 nanowires was verified by carrying out complementary experiments using the more conventional gravity-induced template infiltration method that was previously reported by our group for the fabrication of P(VDF-TrFE) nanowires. [7] This method was found to be unsuitable for Nylon-11 nanowire formation as can be seen in Figure 2 (a) and (b). In the case of conventional gravity-induced template wetting where the solution was drop-cast on to the top surface of the template, incomplete pore-infiltration of Nylon-11 solution resulted ( Figure   2 (a)) due to fast drying out of the drop of formic acid solution. As a result, a thick film of Nylon-11 was obtained on top of the template surface ( Figure 2 (b)), preventing further soaking of the pores, and hence no nanowires were obtained using this method.
Capillary wetting ( Figure 1 ) was therefore adopted as a viable alternative to ensure complete infiltration of the template pores, for the template-assisted fabrication of Nylon-11 nanowires. It has been shown that the maximum height at which the polymer solution can reach via "capillary wetting" is inversely proportional to the radius of the template pore, given by Jurin's law as h= 2γ (cos θ)/ρgr, [48] where γ is the surface tension of the polymer solution, θ is the contact angle of the meniscus at the pore wall, ρ is the density of the polymer solution, g is the acceleration due to gravity, and r is the radius of the nanopore. In this case, taking γ = 0.033-0.043 N m -1 , [31] θ = 75-82°, [49, 50] ρ = 1.01-1.03 gm cm -3 , [31] and r = 125 nm (pore diameter ~ 250 nm), respectively, the maximum height that the Nylon-11 solution can reach via capillary force is calculated to be ~ 2.2 × 10 7 μm, which is much higher than the length of the pore channels (thickness of the template ∼60 μm). However, the time required for filling the pores is also controlled by the viscosity of the Nylon-11 pool solution, [32] which in turn depends on the concentration of the pool solution (i.e. wt. % of the Nylon-11 pellets dissolved in formic acid), and importantly, the rate of evaporation of the formic acid. [51] Thus in practice, the actual height that the solution can successfully infiltrate is significantly lower. Also it has been observed that when templates were wetted with polymers slightly above their solidification temperatures, [52] the elevated temperature of the polymer solution enhanced the mobility of the molecules and the liquid polymer infiltrated the pores as a liquid thread preceded by a meniscus during capillary wetting. [52] Thus, in our fabrication process, a warm (~ 60 °C) formic acid solution of Nylon-11 was used to infiltrate the AAO template pores by the aid of capillary action. As the solution travelled through the pore channels, the viscosity increased due to rapid evaporation of formic acid (heat of vaporization = + 23.1 kJ mol -1 as compared to + 31.3 kJ mol -1 for acetone, + 40.66 kJ mol -1 for water), [53] forming microdroplets of Nylon-11 which appeared as a nano-particulate film on reaching the opposite template surface and on cooling thereafter ( Figure S2 in Supporting Information). The film thus obtained was loosely attached to the template surface and could be easily removed by mechanical polishing, leaving a nanowire-filled AAO template.
Morphology and structure of template-grown Nylon-11 nanowires
The proposed growth mechanism was verified through SEM imaging of the nanowires increasing concentration, [33] thus inhibiting the infiltration of the pore channels. Figure 4 (b) and observed in Figure S5 ), and sometimes appearing as nanoribbons (see Figure S5 ), presumably due to their high mechanical strength. [54] Detailed structural characterization was subsequently carried out by X-ray diffraction (XRD) studies. XRD spectra of the parent Nylon-11 pellets did not reveal any ordered crystallinity, as seen in Figure 5 (a). A multi-peak Gaussian fitting however resulted in the presence of two possible XRD peaks around 2θ ~21.4˚ and ~23˚, suggestive of both unoriented γ and α phases. In contrast, for Nylon-11 nanowires prepared within AAO templates, sharp crystalline XRD peaks were observed due to the γ phase at about 2θ = 21.6°
corresponding to (200) (hydrogen bond direction according to Kawaguchi et al. in Ref [37] ), along with possible α contribution observed around 2θ = 22.8˚ and 12.5˚. The ratio of the intensity between γ/α phases increased in the Nylon-11 nanowires freed from the template as well as in a spin-cast Nylon-11 film (see Supporting Information S6). Differences in the XRD patterns for template-protected nanowires as compared to the freed nanowires suggest that the Nylon-11 structure of the nanowires was formed under the influence of two simultaneous ordering (γ and α). Crystallization from formic acid solution might have resulted in more ordered α form and less γ form in template-protected nanowires, whereas partial recrystallization from α to γ might have taken place under mechanical deformation during template dissolution in the freed nanowires. [32] Similar changes in the crystal form have been observed in Nylon-6 and Nylon-11 electrospun fibers, [33, 55] attributed to the formation of γ phase due to the high stress experienced by Nylon fibers during the fabrication process.
Herein, the orientation of the Nylon-11 chains prior to crystallization inside the pores may possibly be responsible for the difference in the crystallinity observed, as also seen in other polymers. [56, 57] 
Absorption spectroscopy of Nylon-11 nanowires
Room-temperature Fourier transform infrared (FTIR) spectroscopy data for the template-protected and freed Nylon-11 nanowires, as compared to the parent Nylon-11 pellets and a blank AAO template, are shown in Figure 5 (b). Typically, in Nylon-11, the region 500-800 cm -1 comprises the amide V and VI bands, whereas, the 1000-1400 cm -1 zone is sensitive to the methylene segments. The region 1500-1700 cm -1 contains the amide I and II bands and is characteristic to N-H bending from ordered, disordered, and free N-H groups and C-O bonds. The regions typical to hydrogen bonding are from 1600 to 1800 cm -1 and from 3000 to 3600 cm -1 . [48, 55] FTIR of Nylon-11 pellets showed intense bands resulting from the absorption of active H2O, CO and CO2 molecules. [51, 58] Stretching and bending of C=O and O-H units gave rise to strong FTIR signals between 1700 -2300 cm -1 and 3200 -3600 cm -1 , thereby suppressing the bands from Nylon chains. [51, 58] Both the pellet and Nylon-11 nanowires showed sharp bands observable at 1469, 1543 and 1643 cm -1 due to intense N-H stretching in amide groups. A strong transmittance band ~2352 cm -1 in the nanowires was due to absorbance of CO2 molecules in the AAO template for the template-protected sample. A slight difference between the ratio of the bands at 2852 and 2925 cm -1 is observed between Nylon-11 pellet and nanowires, which are assigned to symmetric and antisymmetric CH2 stretch, respectively. [59] [60] [61] The amide A band occurring at about 3310 cm -1 in both Nylon-11
pellet and nanowires was due to the N-H stretching vibration that is sensitive to the strength of the hydrogen bond. A somewhat increased transmittance and varying ratios in the transmittance bands in the Nylon-11 nanowires as compared to Nylon-11 pellets suggests that the hydrogen bonds might break and the dipoles rotate to re-form bonds in a new direction due to the nanowire formation. It should however be noted that differentiation of the FTIR data between α and γ phases in Nylon-11 nanowires is difficult due to their close overlap. [58, 60, 61] 
Temperature-dependent characterization of Nylon-11 nanowires
Differential scanning calorimetry (DSC) measurements on Nylon-11 pellets, spin-cast Nylon-11 film, as well as template-grown Nylon-11 nanowires are shown in Figure 6 (a) and 6(b). During the heating cycle, a single melting peak at Tm = 189. nanowires indicates a change in the crystal structure of the Nylon-11, which was absent in the pellet or the film that had a single melting peak. [62] However, for template-protected nanowires, the melting peak was split into two distinct peaks, at 183. suggests the suitability of Nylon-11 nanowires for higher operational temperature as compared to other ferroelectric polymers. [2, 7, 44, 63] Figure 6(c) shows the temperature dependence of dielectric permittivity, ɛ, of freed Nylon-11 nanowires and Nylon-11 nanowires in AAO template in comparison to the spin-cast Nylon-11 film, measured between -160 °C and 220 °C. Both Nylon-11 film and nanowires showed similar trends in ɛ at all temperature ranges, with a relatively higher magnitude of ɛ observed for the film. Typically, Nylon-11 exhibits three noticeable relaxation processes which can be observed from dielectric permittivity measurements. The high temperature relaxation appearing above 80 °C, is commonly designated as α relaxation. As the temperature decreases below room temperature, the β relaxation due to water adsorption and dipolar amide group may appear, followed by γ relaxation below 150 °C due to local modemotion. [42] For both Nylon-11 film and Nylon-11 nanowires, only α relaxation was observed, showed a peak at the same temperature. [42, 43] The nature of the dielectric properties of Nylon-11 samples are commensurate to the reports for Nylon-11 films prepared from both melt quenching as well as casting from trifluoroacetic acid solution, [42, 43] where it was proposed that as the temperature gradually increases, the micro-Brownian motion of hydrocarbon sections of the Nylons is excited in the non-crystalline regions, while the amide groups stay as unexcited states, possibly due to hydrogen bonding. The hydrocarbon sections of Nylon-11 are much longer than the amide group and only the amide group has a strong dipole moment. It is also to be noted that the Nylon-11 nanowires, similar to Nylon-11 film reported earlier, do not show a dielectric anomaly, which would indicate a Curie transition, up to the melting temperature. [42, 43] We argue that this feature of Nylon-11 nanowires could be important in terms of high temperature piezoelectric applications as compared to other polymers such as PVDF and P(VDF-TrFE).
[44]
Energy harvesting performance of Nylon-11 nanowires
An NG based on template-grown vertically aligned Nylon-11 nanowires was fabricated by sputter-coating both sides of the template with gold for electrical access to the nanowires within (see Section 4 for details). The electrical output was measured in response to periodic impacting perpendicular to the long axis of the nanowires, by an oscillating mechanical arm at a set frequency in a bespoke energy harvesting measurement setup (see Supporting Information S7 for details). [7, 12, 13] Figure 7(a) shows the schematic of the NG structure and the impacting arrangement, where the NG is rigidly fixed at the mean position of the oscillating arm in order to generate maximum compressive force upon impacting. It is ensured that the Nylon-11 nanowire filled template are totally free of any residual film, and crack-free before Au electrodes are deposited on both sides of the template. The device structure is typical for template-based NGs, allowing both mechanical and electrical access to the vertical array of nanowires within. [7, 12, 13, [64] [65] [66] Figure 7 which is comparable to that reported from the P(VDF-TrFE) nanowire-based NG reported earlier by our group. [7] The electrical output of the nanogenerator was measured across different resistors for f = 5 Hz, as shown in Figure 7 (d), and a peak in output power density of ~ 0.03 W cm -2 was observed across a load resistance of ~ 10 MΩ (Figure 7(e) ). The electrical output was found to increase with increasing impact frequencies and amplitudes (see Figure S8 ). The output power density can be readily improved by stacking several devices connected electrically in series. [7] The corresponding figures of merit as defined in
Reference [8] are 0.17 GJ/m 3 and 77 pJ/(m 3 ·Pa 2 ), for stress-driven and strain-driven excitations respectively (see Supporting Information S9 and Figure S10 ).
High-temperature operation up to 150 °C was also demonstrated, as shown in Figure   7 (f), by impacting the NG while it was mounted on a temperature-controlled heating stage (see Figure S11 ). The ability of the Nylon-11 NG to withstand such high temperatures is noteworthy and indicates its suitability for operation in high-temperature vibration environments, for example, for energy harvesting applications in vibrating car engines and/or heavy machinery where temperatures typically reach ~ 150 °C. While there is a slight decrease in the measured electrical output at higher temperatures, the NG performance was found to be almost fully recoverable upon returning to room temperature as indicated in and Figure S10 ), although the device efficiency is considerably lower due to the presence of the stiff AAO template. [7] 3. Conclusions
In conclusion, we have reported, for the first time, the fabrication of high-quality vertically aligned Nylon-11 nanowire arrays by capillary wetting process within nanoporous AAO templates, which in contrast to parent pellets and films deposited by spin casting, The 'self-poled' nature of the Nylon-11 nanowires render them particularly attractive for use in low-cost and simple NG designs as they require minimal post-processing steps. Our findings also provide important experimental evidence of the dimensionality related crystalline morphology of odd-numbered Nylon nanowires, paving the way for tunable NG design and properties, in particular for applications well above room temperature. The enhanced piezoelectric performance observed in our template-grown Nylon-11 nanowires makes this material an attractive candidate for future electronic textiles and wearable sensor industry. [30, 46, 47] 
Experimental section
Fabrication of Nylon-11 nanowires: Nylon-11 nanowire arrays were prepared by template-based capillary wetting method from a solution of Nylon-11 pellets (Sigma Aldrich, acid was created in a shallow depth petridish and an AAO template was gently kept afloat on top of this. The formic acid solution was allowed to dry naturally at room temperature. After 1 h, the Nylon-11 solution-treated AAO template was gently released from the dried Nylon-11 film at the bottom by using warm deionised water to loosen it from excess attached Nylon-11 bottom layer. Further cleaning steps were undertaken as described in Supporting Information S12.
Obtaining Nylon-11 Nanowire Arrayed Mats: In order to study and compare the properties of bare Nylon-11 nanowires, the nanowires were released by dissolving the AAO template by soaking in a solution of 40 vol. % phosphoric acid in water for 4 h ( Figure S13 ).
Semi-transparent and delicate Nylon-11 nanowire mats were obtained which were then carefully transferred to substrates (rigid or flexible) by drawing the substrates close to the floating nanowire mats on the phosphoric acid solution (scheme in Figure 1 ). The Nylon-11 nanowire mats were then repeatedly washed with gentle spray of deionized water and dried naturally on substrates (scheme in Figure 1 ).
Preparing Nylon-11 film: Nylon-11 pellets were dissolved in formic acid (20 wt%) under constant stirring at 80 °C. The film was made by spin coating (1000 rpm/30 s) the prepared Nylon-11 solution, and then allowed to dry naturally over 30 min. at room temperature.
Characterization: The phase and crystalline quality of the Nylon-11 nanowires inside the AAO template and that of the released nanowires were characterized by X-ray diffraction (XRD) with a Bruker D8 diffractometer equipped with Lynx Eye position-sensitive detector using Cu Kα radiation (λ = 1.5418 Å). Peak shifts due to sample misalignment was adjusted while performing the XRD scans and background correction was taken care of by using a zero diffraction silicon substrate for mounting. In case of collecting the data for bare Nylon-11 nanowires, the nanowire mat was directly transferred and collected on the zero background silicon reference substrate. Morphological analyses including the evolution of nanowire growth on changing the wt. % of Nylon-11 polymer in formic acid was systematically studied by field-emission scanning electron microscopy (FE-SEM, FEI Nova NanoSEM)). DSC measurements of the samples were carried out using a Q2000 TA Instruments differential scanning calorimeter with heating and cooling rates of 5 C/min. DSC measurement of bare Nylon-11 nanowires were carried out after carefully peeling off the nanowire mat from the substrates. All the samples were sealed into T-zero pans (TA Instruments) prior to the measurements. FTIR measurements were carried out using a Bruker Tensor 27 IR spectrometer with attenuated total internal reflection attachment. Following a baseline measurement, the samples were placed on an IR transparent high refractive index crystal on which the IR beam is incident and pressure was applied from a small metal disk to ensure contact between the sample and the crystal. IR spectograms were generated with an average of 20 spectra taken for each measurement. Dielectric permittivity versus temperature measurement of the bare Nyon-11 nanowires was carried out by transferring Nylon-11
nanowires on Au sputtered silicon (using k550 Emitech) acting as the bottom electrode and then depositing ~50 µm electrodes on top by using conductive silver epoxy and attaching copper wires. The measurement was carried out in an inert sealed bespoke chamber with a heating and cooling rate of 2 C/min (using 336 Temperature Controller, Lakeshore), while the dielectric properties were recorded between frequencies of 500 Hz and 100 kHz using an impedance analyser (4294A, Agilent Technologies).
Fabrication of the Nanogenerator:
The nanogenerator geometry depicted in the schematic shown in Figure 7 (a) was achieved by depositing electrodes on either side of a Nylon-11 nanowire-filled AAO template (of diameter ~ 25 mm) by sputter coating ~100 nm thick Au film using k550 Emitech sputter-coater. A shadow mask was used to prevent Au from being deposited to the edge of the template, with a few mm being left around the edge to prevent the possibility of shorting the top and bottom Au electrodes. Thin copper wires were attached on these surfaces using conductive silver paint for electrical access to the Nylon-11 nanowires within the template.
Supporting Information
Supporting Information is available from the author. Vertically aligned arrays of piezoelectric Nylon-11 nanowires with high aspect-ratio are prepared using a capillary template wetting method within nanoporous anodized alumina templates. The template-grown nanowires are self-poled and thus can be directly incorporated into nanogenerators with excellent fatigue performance. The relatively high melting temperature (~200 °C) of these nanowires make them suitable for energy harvesting applications at elevated temperatures. 
